To provide an overview of the genetics of type 2 diabetes in the context of recent progress in the understanding of the genetic architecture of the disease and its applicability to the pathogenesis of the disease as well as efforts to individualize therapy in type 2 diabetes. Efforts are underway to understand how these loci alter measurable physiologic processes in nondiabetic humans. However, it is important to understand the potential pitfalls in such studies and the limitations underlying measurement of insulin secretion and action using qualitative methodologies.
Introduction
Type 2 diabetes is a complex and pleomorphic metabolic disorder arising from a complex interaction between genes and the environment. It is characterized by defects in insulin secretion and insulin action which lead to hyperglycemia [1] . Indeed hyperglycemia is used to define the presence or absence of the disease: fasting hyperglycemia (>126 mg/dl), after an oral glucose tolerance challenge (120 min value >200 mg/dl) or if a random glucose above 200 mg/dl, on two or more occasions. However, it has long been recognized that people with impaired fasting glucose and or impaired glucose tolerance have characteristics similar to people with established type 2 diabetes. Moreover, the more significant the elevation in fasting or postchallenge glucose concentrations, the more likely is the transition to type 2 diabetes [2, 3] .
The concurrent availability of high-throughput genotyping techniques and large, multicenter case-control cohorts since 2006 has enabled the discovery of multiple common genetic variants associated with type 2 diabetes [4 ] or intermediate phenotypes such as glucose-insulin ratios in response to a standardized challenge [5 ] .
The genetic architecture of type 2 diabetes
At the present time, knowledge of loci conferring risk of diabetes is limited to two extremes of a spectrumextremely rare variants conferring disease risk in highly penetrant, autosomal dominant fashion or, conversely, common variants (minor allele frequency 10%) with weak-to-modest effects on disease predisposition [odds ratio (OR) 1.1-1.5]. In some cases, variation in a single locus can fit both extremes of the spectrum. For example, variation in WFS1 can cause the Mendelian disorder of Wolfram syndrome [diabetes insipidus, diabetes mellitus, optic atrophy and deafness (DIDMOAD)], whereas other (much more) common variants are associated with type 2 diabetes [6] . The discovery of less common, more penetrant variants likely awaits the application of wholegenome sequencing to large kindreds with a high prevalence of the disease.
In this sense the genetic architecture of type 2 diabetes differs significantly from that of type 1 disease in which risk is also conferred by multiple loci. However, in the latter case, some loci have far more significant effect on disease, for example rs3129934 in HLA class II (OR 7) as well as, variants in INS and PTPN22 (OR >2). Other variants in loci such as IL2RA and CTLA4 have effects on disease predisposition similar to those observed in type 2 diabetes [7] . The discovery of the association of IL2RA with type 1 diabetes served to illustrate some of the limitations of genetic association studies [8] . CD25, which is encoded by IL2RA, is involved in immune regulation and is a phenotypic marker of T cells likely to regulate autoreactive clones; involvement in the pathogenesis of type 1 diabetes was not surprising. It also illustrated the sample size necessary to reliably detect association of relatively common variants with weak effect on disease predisposition [9] . Furthermore, the successful use of tag SNPs to detect a disease locus underpinned subsequent genome-wide association studies (GWAS) efforts. One final comment regards the statistical criteria necessary to accept an association as true -conventional correction for multiple testing is somewhat pointless -and depends on a priori knowledge of the prior odds against an association being true [10] . It is important to appreciate that some alternative measures to a prespecified P value for ranking signals in association studies may be susceptible to the minor allele frequency of the variants tested [11 ] .
One significant advantage that GWAS have over candidate gene association studies is that they make no assumptions about disease pathogenesis. In contrast, candidate gene-based studies by definition assume that genes selected for study are important in disease pathogenesis, and therefore such studies are unlikely to discover novel mechanisms or pathways that lead to disease. This has indeed been the case with multiple loci associated with type 2 diabetes via GWAS which have unknown function or have been implicated in other disease states. Although the discovery of the association of TCF7L2 with type 2 diabetes preceded the advent of GWAS, the methodology (and rationale) used was similar and similarly directed. Indeed prior to the discovery that genetic variation in TCF7L2 is associated with type 2 diabetes other than the suggestion that it may regulate the differential processing of proglucagon, little was known about its function [12] . This is not to say that subsequent to its discovery, the body of knowledge regarding the function of TCF7L2 has been consistent -a problem we will take up in the next section -however, it illustrates how undirected scientific inquiry can identify genes, pathways and processes not previously associated with a disease [13] [14] [15] [16] (see Tables 1 and 2) .
Compared to a simple regression model incorporating blood pressure, triglycerides, HDL, glucose, body mass index (BMI) and family history of diabetes, an identical model incorporating genetic information from 18 diabetes risk alleles had no predictive advantage for type 2 diabetes [17] . On an individual basis such data are of little use in predicting future risk of diabetes. However, by implicating a biological pathway in the pathogenesis of diabetes, genetic association studies have provided a greater understanding of the pathophysiology of type 2 diabetes and identified potential new drug targets for the treatment of the disease. It may be important to emphasize at this point that the magnitude of effect a locus has on disease development does not preclude significant therapeutic effects of compounds acting on these loci. For example, sulfonylureas (KCNJ11) and thiazolidinediones (PPARG) both have very significant effects on glycemic control, although the common variants in these loci have weak associations with type 2 diabetes [4 ] .
Initial GWAS studies used the presence of diabetes as a categorical trait (i.e. present or absent) and discovered several other loci associated with the disease (Tables 1  and 2 ). In one case, FTO, the association with diabetes disappeared after correcting for BMI -the disease-associated variant predisposes to disease by increasing weight. Subsequently, analysis of quantitative traits such as fasting and 2-h glucose concentrations has detected other loci that alter glucose homeostasis [5 ,18,19 ] . In the past year, MTNR1B which encodes the melatonin receptor 2, expressed in b-cells has been shown to alter fasting glucose. It also increases the risk of type 2 diabetes [20 ] (Tables 2 and 3 ).
Reduced birth weight is associated with risk of type 2 diabetes in several large studies. The HBCS study has suggested that the disease-associated variant in HHEX-IDE was also associated with low-birth weight. Conversely the opposite was noted with CDKN2A/2B. However, risk variants in some loci interacted with low birth weight to further increase the risk of diabetes development [21 ] . Subsequently, a larger cohort of mothers and their offspring suggested that CDKAL1 and HHEX-IDE but not CDKN2A/2B, IGF2BP2 and SLC30A8 also affected birth weight [22 ] . More recently, in a smaller cohort (5500) of children of European ancestry (and in whom gestational age at birth was unknown) only CDKAL1 was associated with birth weight [23 ].
Effect of disease-associated variants on measurable physiology
One significant disadvantage of tag single-nucleotide polymorphism (SNP) methodology is that the subsequent elucidation of a causative variant within the associated locus may not be straightforward. For example, IL2RA is adjacent to IL15RA -another plausible candidate gene for type 1 diabetes; therefore a variant within the region may be associated with disease not because it is the true causative variant but because it is in linkage disequilibrium with it [8] . Similarly, the presence of a variant which causes a coding change in the gene product does not automatically qualify as the causative variant. In such instances, fine mapping of the locus is necessary to identify a variant (or variants) most associated with disease and with some measurable effect on physiology [24, 25] .
In type 2 diabetes some disease-associated variants have been associated with an intermediate phenotype such as insulin concentrations after a glucose challenge -a qualitative measure of insulin secretion -or with glucose-insulin ratios which have been used as a crude and Genetics of type 2 diabetes Smushkin and Vella 473 imperfect measure of insulin action [26, 27] . Indeed, subsequent to the discovery of the association of TCF7L2 with diabetes [28] analysis of OGTT data suggested that the (T) allele of rs7903146 impaired insulin secretion [27, 29, 30] . However, fine mapping of the locus in several populations was required to demonstrate that if rs7903146 is not the causative variant for type 2 diabetes it is indistinguishable from it [31] .
Unfortunately, such qualitative measures of insulin secretion and action cannot account for the compartmental kinetics, the pulsatile nature of insulin secretion or hepatic insulin clearance [32] . Attempts to better characterize the effect of TCF7L2 on insulin secretion and action using modeling has yielded contradictory results; for example, Elbein et al. [33] reported an effect on insulin action alone. Encodes the GLUT2 transporter which carries glucose into b-cells and is therefore is part of the glucosesensing of the b-cell
Fanconi-Bickel syndrome a a Fanconi-Bickel syndrome is characterized by proximal renal tubular dysfunction and glycogen accumulation in the liver and kidneys.
Although it is reasonable to expect that a better measure of the phenotype (e.g. insulin secretion) being tested will require smaller numbers than would be required with a cruder measure (e.g. insulinogenic index), designing such studies de novo requires a considerable amount of resources due to the frequent sampling and multiple immunochemical assays necessary to accurately measure secretion and action. Moreover, the sample size necessary to adequately power such studies is not certain and dependent on the effect size of the locus being tested. Another significant limitation is that the genetic architecture of many of the loci associated with type 2 diabetes is not well known creating uncertainty in the optimal design of such experiments if the causative variant at a given locus is unknown.
Consequently, most of the available data correlating genotype data with a physiologic phenotype has arisen out of large cohorts in which simple phenotyping with oral glucose tolerance tests was already available. Consequently it is important to remember the limitations of homeostasis model assessment and other qualitative measures of insulin secretion and action. Stancakova et al. [34 ] studied 5327 nondiabetic men and concluded that eight SNPs affected insulin concentrations 30 min after oral glucose challenge. However, three SNPs, including the diabetes-associated variant of KCNJ11 (a gene which affects b-cell function), were nominally associated with the Matsuda index -a correlate of insulin sensitivity. In addition, four diabetes-associated variants were associated with indices of proinsulin conversion to insulin [34 ] . Although proinsulin concentrations in the peripheral circulation are considered to be a marker of b-cell health, they do not necessarily reflect secretion as its half-life is much longer than that of insulin or indeed c-peptide [35] .
Type 2 diabetes is characterized by impaired insulin secretion and action (defined as the ability of insulin to suppress glucose production and stimulate glucose uptake). In addition, glucose effectiveness (the ability of glucose per se to stimulate its own uptake and suppress its own release) is also impaired. In the postprandial situation defective suppression of glucagon secretion as well as accelerated gastric emptying may also contribute to the postprandial hyperglycemia observed in diabetes.
Arguably, none of these other phenotypes are adequately addressed by a glucose tolerance test [36 ] .
This may be one reason why to date most of the loci associated with type 2 diabetes seem to affect insulin secretion but not insulin action. Anther potential explanation is the modification of insulin action by environmental factors (that lead to weight gain) which outweigh any potential genetic effects. It is also important to remember that insulin secretion declines in concert with insulin action in impaired fasting glucose and impaired glucose tolerance [2] . Furthermore, interventions, which decrease insulin secretion, lead to a measurable decrease in hepatic insulin action [37] . Finally, insulin secretion, when measured, is best expressed as a function of the prevailing insulin action [38] .
More recently, overexpression of the a2A-adrenergic receptor in mice was shown to decrease insulin secretion. Subsequently, the same group of investigators demonstrated that in humans a variation in ADRA2A altered insulin response to intravenous glucose and was associated with type 2 diabetes [39 ] . Other novel loci have also been shown to alter fasting glucose as well as glucose and insulin responses to a standardized glucose challenge [5 ,19 ] .
Variants associated with differential response to therapy
From a physiologic point of view, monogenic disorders are helpful in illustrating the importance of specific gene products, and their associated pathways, to a given process, for example glucose homeostasis. One such example is maturity-onset diabetes of the young (MODY): mutations in the glucokinase gene (GCK -MODY 2) alter the set point at which insulin secretion occurs but insulin secretion and action are unimpaired in affected patients. Similarly, common variants in GCK are also associated with alterations in fasting glucose concentrations. As progress is made in understanding the genetic architecture of diabetes, it may be possible to discern different pathophysiology within the heterogenous grouping of type 2 diabetes. In such situations, a given therapy may be more effective in one subgroup of patients than it is in another group of patients.
At present there are some hints that this could be the case, although the applicability to therapeutic selection in individual patients is uncertain. For example, in some subtypes of MODY, insulin secretagogues seem to be more effective than insulin sensitizers or insulin [40] .
Unfortunately, as it applies to the therapy of common varieties of type 2 diabetes examples when common variation alters response to therapy are harder to come by. In part, some of these limitations are due to the nature of the disease process; compliance with treatment and lifestyle are likely to affect response far more than common variation. Furthermore, deciding what endpoint to measure may be problematic when determining efficacy of a given therapy; whereas HbA 1c might be an obvious endpoint, the duration of study may not be long enough to allow meaningful changes in HbA 1c [41 ] . In a similar vein, a random glucose above 300 mg/dl is an arbitrary marker of sulfonylurea failure [42] .
As discussed above, consideration needs to be taken of the genetic architecture of the locus under study. It is often wrong to assume that the presence of a variant identified by genome-wide association to be associated with disease is the causative variant or indeed the variant modulating drug response. A suggested approach would be one in which a homogenous, well characterized population is studied over a short (but physiologically meaningful) duration and a surrogate physiological variable (e.g. insulin secretion) is utilized as a measure of response [43, 44] .
Similar approaches have been undertaken to demonstrate that variation in TCF7L2 may alter response to infused GLP-1 [45] and that OCT1 may alter response to oral metformin [46] . In the former study insulin secretion in response to hyperglycemia and GLP-1 was utilized as an endpoint, whereas glucose excursion after an oral glucose tolerance test was used in the latter. However, a recent study examined the effect of two loss-of-function polymorphisms in OCT1 and concluded that the response to metformin was unaffected in 1531 patients with type 2 diabetes [47 ] . The same group of investigators has suggested that two variants causing loss of function of cytochrome p450 2C9 (which metabolizes sulfonylureas) improves the therapeutic response to sulfonylureas [48 ] . The Diabetes Prevention Program (DPP) has also shown that some disease-associated variants are associated with impaired response to metformin [49] ; however, such variants are likely of little value in predicted individual response to pharmacotherapy.
Conclusion
Common genetic variation is associated with type 2 diabetes, and the discovery of loci that affect diabetes risk, response to oral glucose, incretin effect and fasting glucose concentrations will help understand the pathogenesis of the disease and identify new targets for drug development. However, it is important to be aware of the potential limitations of such knowledge and the difficulties in designing experiments to understand their role in glucose metabolism and their effect on drug response in humans.
